Abstract: This paper investigates the significance of some micro scaling effects in microchannel absorber plates. These plates are to be used in a proposed compact (thin and lightweight) solar thermal flat plate collector (FPC). Forced convection experiments were performed on an instrumented metal plate with micro-channels. Reynolds numbers were in the range 10 -100 and fluid inlet temperatures ranged from 5 -40 °C. Scaling effects such as viscous dissipation and entrance effects had insignificant impact on the measured average Nusselt number. However, conjugate heat transfer and measurement uncertainties were significant. Conjugate heat transfer was found to reduce the Nusselt number which agrees with the literature, this also resulted in a Peclet number dependent Nusselt number. The local Nusselt number was observed to vary axially despite satisfying the criteria for neglecting entrance effects; this variation increased with the Graetz number. It was observed that the position of the thermocouples can result in an under-estimation of the Nusselt number. The results are beneficial for the design and operation of micro-channel absorber plates.
Introduction
Buildings account for the bulk of the energy demand; according to the United Nations Environment Programme (UNEP) "Buildings use about 40% of global energy ... Yet, buildings also offer the greatest potential for achieving significant GHG emission reductions, at least cost, in developed and developing countries" [1] . Solar Thermal Flat Plate Collectors (FPCs) are often used as an environmentally friendly alternative to fossil fuel, in meeting the growing thermal energy demand in buildings. The large size of these systems poses a challenge for aesthetically incorporating them in buildings. A viable alternative to the conventional FPC is a Compact (thin and light-weight) Flat Plate Collector (CFPC) [2] . In this collector design, the absorber plate will have micro-channels that replace the conventional arrangement of tubes bonded to a metal sheet. Celata's [3] definition of a microchannel as a channel whose hydraulic diameter lies between 1µm and 1 mm is adopted in this study. In addition to achieving the compact size, this design offers the advantage of enhanced convective heat transfer (based on the premise that the heat transfer coefficient is inversely proportional to the channel's hydraulic diameter), high fin efficiency, uniform temperature distribution in the transverse direction and eliminates the bond resistance between the tubes and absorber sheet in conventional FPC design.
Several scholars have published various approaches to building integration of solar systems [4] [5] [6] [7] as well as studies dedicated to optimising absorber plates [8] [9] [10] [11] , however, there is limited work in the literature on the application of micro-channels to solar systems. Some of the few researchers who have published work in this area include Khamis Mansour [12] ; who looked at flat plate rectangular channelled absorber plate, Sharma and Diaz [13] who investigated its application in evacuated tube collector and Deng, et al. [14] who studied a novel FPC with micro-channel heat pipe array.
The theory and correlations of heat transfer and fluid flow in conventional sized rectangular channels are well established; constant Nusselt number in the range 0.457 -8.235, with the exact value depending on the wall boundary conditions, are expected for fully developed laminar flow [15, 16] . Similarly in terms of friction factor, constant Poiseuille numbers in the range 56.92 -96.00 are expected for rectangular channels with aspect ratios ranging from 0 -1. Tuckerman and Pease [17] pioneered the study of heat transfer in microchannels in 1981. Inconsistent results have been published from the extensive study in this field; some studies have found the average Nusselt number to be Reynolds number dependent in the laminar regime [18] [19] [20] , some recorded lower Nusselt numbers [21] [22] [23] while some recorded higher Nusselt numbers [24] [25] [26] [27] . Reviews on experimental and numerical studies of heat transfer in micro-channels published by Morini [28] , Hetsroni, et al. [29] , Rosa, et al. [30] and Sobhan and Garimella [31] confirm the very large scatter in published results and attribute this to "scaling effects". These effects arise from neglecting phenomena which are insignificant in conventional sized channels but become significant as a result of the high channel wall surface to fluid volume ratio in microchannel flow. Examples of these scaling effects include surface roughness [22] , entrance and exit effects [27, 32] , conjugate heat transfer [23, 33] , thermal boundary conditions [34] , viscous dissipation [35] , electric double layer [36] and increased measurement uncertainties [37] . This paper experimentally studies the significance of some of these "scaling effects" on the performance of the absorber plates.
The significance of these scaling effects can be influenced by the design and application; also, the overall performance can be improved or depreciated, depending on the dominant scaling effects. This suggests that the performance of micro-channel heat sinks should be tested for the particular application. The extensive study on micro-channels has been largely in the context of cooling electronic components. The peculiarities of micro-channel heat transfer application in solar collectors include low Reynolds numbers as well as the low heat flux densities. Most of the previous work done have been conducted for higher flow rates (typically Re>100) and higher heat fluxes (typically q>10,000 W/m 2 ). This study focuses on flows with Re<100 and q<1000 W/m 2 . Also, the flow length in solar collectors will be longer than heat sinks for cooling electronic components. Therefore, scaling effects which are length dependent, such as entrance effects and conjugate heat transfer are likely to differ.
Theory
The collector efficiency factor F' is a parameter often used to characterise flat plate collectors. F' represents the ratio of the useful energy gain to the useful gain that would result if the collector absorbing surface had been at the local fluid temperature [38] . Therefore, the convective heat transfer coefficient, h, which determines the temperature difference between the absorber plate and the fluid, is a good parameter for characterising the thermal performance of the plates; the higher the heat transfer coefficient, the lower the temperature difference between plate and fluid, the better the thermal performance of the plate.
Hydraulic performance is one characteristic that will influence plate design. If the energy output is to be maximised, the least possible power must be expended on pumping the fluid. The friction factor, equation (19) , which is often used to characterise the hydraulic performance of fluid flow through ducts will be used in this study.
In this paper, the impact of the various scaling effects on the dimensionless heat transfer coefficient, the Nusselt number and the friction factor, will be examined. The scaling effects relevant to this study are discussed below. Others like electric double layer, mixed boundary condition, and rarefaction are insignificant in this study because of the working fluid and low flow velocity.
Viscous dissipation
Although internal generation of heat is usually neglected in macroscopic flows through channels, at very small hydraulic diameters viscous forces can generate significant internal heat, which can in turn influence the heat transfer [30] . Koo and Kleinstreuer [39] noted that viscous dissipation can be significant in rectangular channels even for low Reynolds numbers. Others who have highlighted the significance of viscous dissipation include Tunc and Bayazitoglu [40] , Toh, et al. [41] , Morini [28] , Herwig and Mahulikar [42] , Jeong and Jeong [43] and Chen [44] .
The Brinkman number, defined in equations (1)&(2), which is the ratio between the viscous heating rate and the fluid -channel walls average heat transfer rate, is usually employed to evaluate the significance of viscous heating [30] . Equation (3) has been proposed as the criterion for accounting for the effects of viscous heating [28, 30] . 
Where ξ lim is the maximum allowable ratio between the temperature rise due to viscous dissipation and the temperature rise due to supplied heat flux at the wall (for example, ξ lim =5%) [30] .
Entrance effects
One of the common scaling effects cited by researchers is entrance effects [27, 45] . Constant local Nusselt numbers are expected for fully developed flow, however, entrance effects can yield a significant variation in predicted and measured average Nusselt number. The Graetz number, Gz, defined in equation (4), is used as the criterion for neglecting entrance effects.
The entrance effects on the average Nusselt number can be neglected if the inequality in equation (5) is satisfied [28, 30] 10 Gz < (5)
Conjugate heat transfer
Conjugate heat transfer is another scaling effect often cited as having significant influence on the heat transfer in micro-channels [23, 33, 46] . This arises because the hydraulic diameter and the wall thickness of the channels are usually of the same order of magnitude. It therefore becomes necessary to account for the axial thermal conduction in the channel walls, in addition to the forced convective heat transfer. The dimensionless axial conduction number, M, defined in equation (6), which can be seen as the ratio of axial thermal conduction to convective heat transfer, can be used to characterise effects of conjugate heat transfer in microchannels [33] .
Where A cp is the cross sectional area of the solid walls of the channel and A f is the wetted surface area. The axial thermal conduction in the channel walls can be neglected if the inequality in equation (7) is satisfied [30, 33] 0.01 M <
2.4 Experimental Uncertainties Several studies have cited measurement uncertainties as another possible explanation of the discrepancies between experimental and theoretical results [3, 37, 47] . Some of these uncertainties include channel diameter variation axially, accurately measuring fluid and channel wall temperatures and assuming similar conditions in all channels. Gamrat, et al. [23] observed that the position of the thermocouples away from the liquid/solid interface can yield as much as 40% uncertainty in the estimated Nusselt number.
Experimental Apparatus
3.1 Description of the experimental system A setup representative of the proposed system was designed for experimental investigation. Figure 1a shows a flow schematic of the experimental facility; a temperature controlled circulating bath supplied the heat transfer fluid, Tyfocor® LS, (a propylene glycol-based heat transfer fluid for solar collectors) at constant flow rate and temperature to a micro-channel test rig. Instruments to measure the temperature at different points, the pressure drop across the test rig and the mass flow rate were embedded at appropriate locations in the loop. A picture of the experimental setup is shown in Figure 1b . The main component of the experimental setup was the micro-channel test rig which simulated the flat plate collector. It was made up of two 340 × 240 × 10 mm aluminium slabs -a "top" and "bottom" piece, with a thinner (3 mm) channel plate sandwiched between them, as shown in Figure 2 . This arrangement allowed a variety of relatively simple channel plates to be tested without each needing its own inlet and outlet connections. Incident solar radiation was simulated with a self-adhesive heater mat, capable of supplying up to 1200 W/m 2 , mounted on the top slab. All the data in this paper were obtained with a heater power of about 70W, equivalent to 950 W/m 2 . The uniformity of the heat flux imposed by the heater mat was validated in two ways; firstly, an infrared camera was used to check the temperature profile on the resistance heater -a maximum variation of less than 0.25 °C was observed. Secondly, the transient temperature profile of the micro-channel plate was examined when the heater mat was turned on with no flow through the channels. A uniform temperature profile was observed on the plate, which signifies a uniform heat flux from the mat. The rig was insulated with a box constructed from Polyisocyanurate foam. The channels and manifolds were designed as a Z type heterogeneous ladder with two scale resistance; from the model presented by Tondeur, et al. [48] , the mal-distribution in the channels is expected to be less than 20%. A schematic of the test rig is shown in Figure 3 and a picture of the absorber plate can be seen in Figure 4a . The plate had sixty micro-channels, 0.5 mm × 2 mm × 270 mm long and spaced 1 mm apart (3 mm pitch). Temperatures of the plate at different points (T pi ), fluid at inlet (T in ) and fluid at outlet (T out ) were measured using Type T thermocouples. Several thermocouples were fixed on the absorber plate using fibre-glass thermal attachment pads, as shown in Figure  4b . Thermocouples were placed inside the inlet and outlet ports after elbow fittings (to promote fluid mixing) for accurate readings of bulk fluid temperature. All pipes and fittings were properly insulated to minimise heat loss to the ambient. The flow rate (̇) and pressure drop (Δp) were measured using a Coriolis mass flow meter and a differential pressure sensor respectively. All the measured quantities were logged with a 16-bit National Instruments data acquisition system via Labview. Thermocouples were connected through a SCXI-1102 thermocouple interface board. Signals were sampled at 2 Hz; signal quality was studied using an oscilloscope to ensure they were clean and free from interference. Post steady state data were used for analyses. The criterion for steady state was defined by < 2.5 × 10 −5 °C/s; this was reached after approximately 10-15 minutes at a constant flow rate. The enthalpy change of the fluid was used to calculate the heat flux. A sample of the fluid inlet temperatures and flow rates used for the experiment are shown in Table 1 . Table 2 were calculated using the average of the captured data.
Uncertainty
The Data Acquisition system has a function for calibrating all channels. This procedure compensates for the inaccuracies in the whole measurement system. The thermocouples were bonded together, put in the bath and calibrated at a number of temperatures to match bath temperature readout. The sample standard deviation, for all thermocouples, was typically 0.016 °C. Voltages from the mass flow meter were calibrated to match its display readout while the differential pressure sensor was calibrated to match a hand held manometer. The mass flow meter was also checked by timing flow into a measuring cylinder.
After calibration, steady state measurements were recorded for about 15 minutes. The standard deviation observed in each parameter was taken as the instrument's uncertainty. Uncertainties in geometric parameters were estimated using high precision measuring instruments as well as manufacturers' specifications. The deviations were used to estimate the uncertainties in the calculated values, assuming that the deviations in each term were uncorrelated. For example, equation (8) [49] was used to estimate the uncertainty in the heat transfer coefficient. The uncertainties in some of the measured parameters are shown in Table 1 . Further details can be found in [2] . 
Peclet number
Nusselt number 
Hydraulic entry length 0.05
Axial conduction number 1 1 Figure 5 shows the measured Nusselt number as a function of the Peclet number. The data is plotted against the Peclet number because the Prandtl number of Tyfocor LS varies from about 100 at 5°C to 22 at 40°C. Laminar flow Nusselt numbers for channels with this aspect ratio will be expected lie between 1.148 and 6.29, depending on the boundary condition. However, the measured Nusselt numbers are much lower. Nusselt numbers of this order have been observed by several scholars who have experimentally and/or numerically studied heat transfer in micro-channels, for example, Dixit and Ghosh [21] , Qu, et al. [22] , Peng, et al. [18] and Wu and Cheng [50] . Various explanations have been postulated for these low Nusselt numbers. For example, Celata, et al. [47] attributed this to a heat loss term, Rahimi and Mehryar [32] and Nonino, et al. [51] attributed it to conjugate heat transfer (axial heat conduction in the duct wall). This paper investigates the effects of some of these phenomena Figure 6 compares the measured and predicted friction factors; a similar trend can be observed in both predicted and measured values although measured friction factors are slightly lower than predicted values based on numerical Poiseuille numbers for rectangular channels (Po= 72.92 [52] ). Lower friction factors in micro-channels have been observed in other studies, principally for gas flows [20, 53] , but also for liquid flows [54, 55] . Deviation of friction factors from conventional theory is often attributed to surface roughness; however, surface roughness usually results in higher friction factors. 
Viscous dissipation
A plot of Nusselt number against Brinkman number is shown in Figure 7 . The curves can be seen to be almost horizontal lines with the exception of Nusselt numbers at lower Brinkman numbers (which correspond to lower flow velocities). At higher flow velocities viscous dissipation can result in lower Nusselt numbers [28, 30] . Figure 7 shows that the lower Nusselt numbers occur at lower Brinkman numbers (lower flow velocities) and are therefore not due to viscous dissipation. In addition, equation (2) yields Br less than equation (3) with ξ lim =10%. The effects of viscous dissipation in the proposed design will therefore be insignificant at typical FPC operating conditions. Figure 8 compares the local Nusselt number at different Graetz numbers. This Nusselt number is estimated by using the average heat flux, the measured plate temperature axially, T(x) and axial fluid temperature profile T f (x), from a model presented in Oyinlola, et al. [2] , equation 25.
Entrance Effects
A progressive decay of Nusselt number axially can be observed in Figure 8 . A flow characterised by a significant developing entry region will yield a Nusselt number profile Nu(x) in the developing region and decay to a constant value in the fully developed region. The relationship between the percentage of flow in the thermally developing region and the Graetz number is shown in equation (26).
From this relationship, the percentage of thermally developing flow should be around 14%, 22.5% and 31.5% for Gz = 2.8, 4.5 and 6.3 respectively. This will imply that the local Nusselt number should be constant after these points. Also, since equation (5) is satisfied and Gz<10 the effects of entry length can be neglected [28, 30] . This signifies that the thermally developing region may not be the sole contributor to the observed profile.
The hydraulic entry length is difficult to measure experimentally; however, the thermal entry gives a good indication of the hydraulic entry length since t h L L Pr = . A computational fluid analysis may be an alternate method of measuring the hydraulic entry length in these microchannels. Figure 9 shows the Nusselt numbers as a function of Graetz number. Nusselt number increases slightly and then becomes fairly constant. The heat transfer coefficient is enhanced in the thermal entry region; therefore, the Nusselt number is expected to be constant at low Gz numbers and then increase at high Gz when thermal entry length is significant. The profile observed supports the assumption that the entrance effects may not be the sole contributor to the profiles observed. If it was the sole contributor, a progressive increase of Nusselt number at higher Gz should be seen. 
Conjugate Heat Transfer
The thickness of the channel walls and the hydraulic diameter are similar hence thermal conduction in the walls can be significant. This might be responsible for the axial variation in local Nusselt number. The model presented by [2] , shows that despite a uniform heat flux on the plate, axial thermal conduction can generate a plate temperature profile similar to an isothermal boundary at the entry and exit regions and a constant wall heat flux boundary in between. Figure 10 compares profile of ΔT pf from this model at two extreme cases. It can be seen that axial thermal conduction can yield significant axial variation in the plate temperature. This may further explain the axial variation of ΔT pf observed in Figure 8 and Figure 9 above. [28, 30, 32, 51] . A plot of Nusselt number against axial conduction number is shown in Figure 11 ; an inverse relationship can be observed. This trend signifies that the axial conduction number has a negative impact on the Nusselt number which is in agreement with the proposition of Morini [28] and Rosa, et al. [30] . Since the axial conduction number was generally found to be greater than 0.01, satisfying equation (7), the effect of conjugate heat transfer is significant and should be accounted for in the proposed system. The axial variation of ΔT pf can therefore be attributed to conjugate heat transfer. The significance of conjugate heat transfer may be lesser if the plates are manufactured differently, for example, hydro-formed channels will have a much lesser thickness than the current design. 
Experimental Uncertainties
Another possible explanation for the discrepancies between experimental and theoretical results can be due to measurement uncertainties. Figure 12 shows a schematic of the experimental test rig used. The thermocouples measuring plate temperature were placed at the interface between top slab and micro-channel plate (with a fibre-glass adhesive layer between the top slab and the thermocouple tip). Thermocouples might have been reading a temperature at the interface rather than the plate temperature if there was significant thermal contact resistance between thermocouple tips and plate. Similarly, plate temperatures were read at 2 mm from the liquid/solid interface. Gamrat, et al. [23] observed that the position of the thermocouples away from the liquid/solid interface can yield as much as 40% uncertainty in the estimated Nusselt number. It should be noted that the accuracy of the measuring instruments as well as the repeatability of the experiment were validated. Therefore a correction can be applied to the temperature measurements using Fourier's law. The interface thickness was estimated by measuring the average thickness of the coupled test rig and subtracting it from the sum of the individual component thicknesses. This was found to be between 0.1 -0.15 mm. This thickness was then used to estimate the temperature gradient across the interface and the plate temperature was corrected, assuming that measured temperature was in the middle of the interface.
Where ΔT MCplate is the temperature difference between the fluid solid interface and the top face of the micro-channel plate. This dependence can be attributed to the effect of axial conduction; from equation (23), the axial conduction number can be seen to be inversely proportional to the Peclet number. Figure  14 shows the corrected local Nusselt numbers; a similar trend to that observed in Figure 8b is seen here ( i.e. Nusselt number decays axially), although the corrected Nusselt numbers are higher. Figure 15 shows the corrected average Nusselt number as a function of Axial Conduction number. A decay of the Nusselt number with axial conduction number can be observed; this agrees with the recommendation of Morini [28] and Rosa, et al. [30] . Figure 16 shows a plot of the corrected friction factor versus Reynolds number. The error bars in this figure account for uncertainties in fluid properties, geometry and measurements. It can be observed that the error bars are close to the theoretical values.
Conclusion
The significance of various scaling effects on the heat transfer and fluid flow in micro-channel absorber plates has been experimentally studied. Most of the scaling effects such as viscous dissipation and entrance effects were found to be insignificant. Nusselt number was found to reduce with the Axial conduction number, signifying that conjugate heat transfer has a negative impact on the Nusselt number, which agrees with previous studies. Thermal contact resistance between the top slab and micro-channel plate resulted in a significant thermal gradient at this interface which yielded lower calculated Nusselt numbers. Correcting the temperature measurements yielded Nusselt numbers that were close to conventional theory. Conjugate heat transfer resulted in Peclet number dependent Nusselt number. Also, the corrected local Nusselt number was observed to vary axially despite satisfying the criteria for neglecting entrance effects; this variation increased with the Graetz number. The results are beneficial for the design and operation of micro-channel absorber plates.
